Catalytic activation of C-H bonds adjacent to nitriles supported by Wang resin can be performed with ruthenium dihydride complex RuH 2 (PPh 3 ) 4 (1). Aldol and Michael reactions of the solid-supported cyanoacetates proceed to give the corresponding adducts in good yields under mild and neutral conditions. Fourcomponent reactions that include sequential aldol-Michael-Michael reaction by C-H activation take place diastereoselectively.
Solid-phase organic synthesis is currently of considerable interest in the context of combinatorial synthesis towards construction of high-throughput processes, and it is a widely used as a key technology for pharmaceutical research. 1 Particularly, solid-phase organic synthesis with transition-metal complex catalysts is one of the most important chemistry for combinatorial synthesis; development of new solid-phase reactions and transferring solution-phase reactions to solid-phase have rapidly become an area of intense research activity. 2 Many reports on transition-metal-catalyzed reactions for solid-phase synthesis have been appeared; 3 however, very little is known about carbon-carbon bond forming reaction induced by C-H bond activation with transition-metal complexes. 1,2 Carbon-carbon bond formations induced by C-H activations will provide a new method for solid-phase organic synthesis, because these reactions proceed highly selectively under mild and neutral reaction conditions without formation of inorganic salts. Therefore, the amount of time, efforts, and cost for neutralization, protection/deprotection processes, and wash off salts can be reduced.
As a line of our study on the development of C-H activation induced by a-heteroatom effect, 4 we have found that low-valent transition-metal complexes are effective catalysts for the a-C-H activations of amines, 5 nitriles, 6,7 and isonitriles. 8 This concept led us to find the low-valent ru- Ruthenium dihydride complex RuH 2 (PPh 3 ) 4 (1) has proven to be a good catalyst for a-C-H activation of polymersupported nitriles. Aldol and Michael reactions of the cyanoacetate 2 supported on Wang resin 9 can be performed catalytically at room temperature under neutral conditions (Scheme 1). The resin 2 was obtained by Scheme 1 esterification of the commercially available Wang resin with cyanoacetic acid. 10 The representative results of the RuH 2 (PPh 3 ) 4 -catalyzed reaction of supported nitriles with carbonyl compounds are shown in Table. 11 Upon treatment of the resin 2 with benzaldehyde in the presence of 5 mol% of 1, aldol condensation proceeds to give the corresponding polymer-bound a,b-unsaturated nitrile 3 nearly quantitatively (entry 1). 12 The yield of 3 was determined by 1 H HRMAS NMR based on the original loading of cyanoacetic acid on the resin 2. Transesterification of 3 with MeOH-DMF-Et 3 N gave methyl (E)-2-cyano-3-phenylpropenoate in 95% isolated yield. Cleavage of 3 with TFA in CH 2 Cl 2 afforded 2-cyano-3-phenylpro- 
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penoic acid in 79% yield. Condensation of 2 with aliphatic carbonyl compounds such as butyraldehyde, 3-cyclohexane-1-carboxaldehyde, and cyclohexanone gives the corresponding products efficiently (entries 2-4). Importantly, the yields obtained are similar to those obtained from the solution-phase reaction with 1 as previously reported, 7a,b indicating that penetration of catalyst 1 into the resin is allowed well. Michael reaction of 2 with electron-deficient olefins such as acrylonitrile occurred to give the corresponding adducts (entry 5). Chemo-and stereoselectivity were obtained, when crotonaldehyde and benzalacetone are used 7a,b (entries 6 and 7). Development of multicomponent reactions in which three or more reactants combine in one step synthesis has been an emerging area in pharmaceutical research that will dramatically reduce the time and cost for the preparation of chemical libraries. 1, 2 The efficiency of the present reaction is demonstrated by diastereoselective tandem Michael addition reaction arising from chelation control of ruthenium. In the presence of catalyst 1 (10 mol%), the reaction of 2 with dimethyl methylidenemalonate and subsequent addition of methyl vinyl ketone in CH 2 Cl 2 at 60°C occurred with high diastereoselectivity (equation 2). 13 After cleavage with MeOH-DMF-Et 3 N, a mixture of methyl (3R*, 4S*)-2,4-bis(methoxycarbonyl)-4-cyano-3methyl-7-oxooctanonate (4) and methyl (3S*, 4S*)-2,4bis(methoxycarbonyl)-4-cyano-3-methyl-7-oxoocta-nonate (5) was obtained in 65% isolated yield. 14 It is noteworthy that extremely high diastereoselectivity (4/5 = 96/4) was obtained because of chelation effect of ruthenium.
Equation 2
The efficiency of the present reaction is highlighted by diastereoselective four component reactions as shown in Scheme 2. The ruthenium-catalyzed reaction of 2 with aldehydes and subsequent Michael addition of carbon pronucleophiles to electrondeficient olefins can be performed to give the corresponding adducts diastereoselectively. Actually, the sequential reaction of 2 with acetoaldehyde, dimethyl malonate, methyl vinyl ketone gave 4 in 40% yield. The diastereoselectivity is again very high (4/5 = 90/10). Formation of the intermediates 6 and 7 were confirmed by 1 H HRMAS NMR experiments.
In summary, we found the first catalytic aldol and Michael reactions of nitriles tethered to solid support initiated by a-C-H activation of nitriles by using low-valent ruthenium complexes. These reactions will provide a wide scope of carbon-carbon bond formation for solid-phase organic synthesis.
